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JET STREAMS OF THE ATMOSPHERE

FOREWORD

In 1953 a comprehensive survey of available informa-
tion on the Jet Stream was published by Project AROWA
and distributed to Naval Weather Officers in the field and
afloat as a U, S. Navy Bureau of Aeronautics publication
entitled THE JET STREAM (NAVAER 50-1R-249). This
document was later republished and given wider distribu-
tion within the meteorological profession as a monograph
of the American Meteorological Society.

Since that time intensive research on this interesting
and important meteorological phenemenon has continued.
As a result it once again seems timely that an evaluation
and summary of research progress and data on atmospheric
jet streams be compiled for the use of the practicing
weather officer,

In particular, data is now available concerning the
detailed structure of jet streams in the atmosphere. This
information has been obtained in part from the high-level
measuring program conducted under Task 15, OPERATION-
AL RESEARCH INTO THE DETAILED STRUCTURE OF
THE JET STREAM, which was assigned to the U, S,

Navy Weather Research Facility by Bureau of Aeronautics
letter Aer-MA-5 serial 138957 dated 6 December 1951.
Jet probing flights utilizing a specially instrumented U. S.
Navy A3D-1 jet aircraft have been conducted during the
past six years. Additional information has been obtained
from jet probing flights conducted by the Geophysics Re-
search Directorate of the U, S, Air Force Cambridge
Research Center. Although many problems remain unsolved
we may now construct a rather detailed description of the
structure of jet streams and of the dynamics of their life
histories.

Specific attention is devoted in this publication to
high-velocity air streams other than the Polar Jet Stream
and to the role of jet streams in the general hemispheric
circulation. In addition new techniques and procedures
for high-level wind analysis, e.g. the layer of maximum



wind, are described and applied to the synoptic forecasting
problem.

Dr. Herbert Riehl of the Department of Meteorology,
University of Chicago wrote the manuscript from which
this publication was produced. Editorial assistance was
provided by members of the staff of the U, S. Navy Weather
Research Facility, in particular by Mr. Duane A. Lea.
Chapter XI was prepared by LCDR J. W, Hinkelman, USN,
presently on duty with the Federal Aviation Agency.

DANIEL F, REX

Commander, U. S. Navy

Officer in Charge

U. S. Navy Weather Research Facility

Apcil 1860
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Note on References: The main purpose of this volume is
to serve as a text for class or self-instruction. Therefore
the number of literature references is quite limited and,
with few exceptions, reference is made only to books and
periodicals with wide distribution so that they will be acces-
sible to most readers. For complete documentation through
1956, including papers in non-standard publications not
readily available, the reader is referred to Technical Note
No. 19 (WMO - No. 71 TP. 27), Secretariat of the World
Meteorological Organization, Ave de la Paix, Geneva,
Switzerland.

Note on Units: Much of the information presented in this
text has been derived from a great variety of source mate-
erial. An effort has been made to redraft and relabel
diagrams taken from the literature to reduce the large num-

ber of different units employed in meteorology, but it has
not been possible to introduce a standard system of units
throughout.

In most diagrams wind is expressed in knots. A short
barb denotes 5 knots, a long one ten knots, a triangle 50
knots and a rectangle 100 knots. Thus, a wind of 175 knots
is represented symbolically by

BN
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Chapter I

Introduction

Flight missions in the altitude range
from 30, 000 to 40, 000 feet are com-
monplace in the military services;
since the 1950's, regular commercial
service has begun. Sounding balloons
penetrate to the tropopause andbeyond
at many points around the globe. At
least once daily they provide informa-
tion on wind, temperature and heights
of isobaric surfaces to great altitudes.
New types of measuring equipment,
such as transosonde balloons, furnish
data. All of these sources of informa-
tion document amply that the air cur-
rents of the tropopause region in the
temperate zone and in other climatic
belts possess narrow, high-velocity
cores, bordered on both sides by
broad expanses of more sluggish mo-
tion.

The leadership in the early phases
of jet stream research was carried by
C. - G. Rossby. He looked for evidence
of high-velocity cores from the late
1930's, following his work on the Gulf
Stream (Rossby 1936), a narrow ocean
current with speeds of meters per
second embedded in an environment
with speeds of centimeters per sec-
ond (fig. 1.1). At first Rossby met
discouragement because winds at
10, 000 feet--a standard level for
upper-air analysis for many years--
varied only gradually with latitude.
Then, in the early 1940's, reports
began to arrive that spoke of extra-
ordinary wind speeds encountered by

high-altitude bombing planes. Near
30,000 feet these winds on occasion at-
tained the speed of the planes them-
selves,

With the rise in aircraft ceilings, the
frequency of radiosonde ascents reach-
ing the tropopause also increased. Be-
ginning in 1945 maps of the tropopause
region and vertical cross sections to 300
mb and higher could be drawn inseveral
parts of the northern hemisphere. With
use of geostrophic or gradient wind for-
mulae, wind speeds were calculated on
these charts and sections. In startling
similarity to the Gulf Stream picture,
these calculations revealed that the flow
configuration aloft, especially in the
middle latitudes in winter, is suggestive
of a broad stream of air meandering
eastward around the hemisphereinwave-
like patterns, with the energy of motion
concentrated in narrow bands of high
speed,

In analogy with fluid dynamics,
Rossby (Rossby 1947a, Staff Members
University of Chicago 1947) called the
newly discovered current '"jet stream''.
This name has been widely accepted,
though its merits may be disputed. Dur-
ing the initial phases of research, it
seemed likely that there was a single jet
stream around each hemisphere. Fol-
lowing extension of the sounding net-
works in arctic and tropical regions,
plus the advent of rawins, this simple
picture-had to be amended, especially in



winter., During that season we en-
counter three distinct jet stream

systems:

1) The 'subtropical' jet stream,
which marks the poleward limit of the
trade wind cell of the general circula-
tion;

2) the 'polar front' jet stream,
which is associated with the principal
frontal zones and cyclones of middle
and subpolar latitudes; and

3) the 'polar night' jet stream,
situated high in the stratosphere in
and around the Arctic and Antarctic
circles,

Fig.1.2 shows the approximate lo-
cation of subtropical and polar front

jet streams in the northern hemisphere

winter,

While there may be other currents
resembling jet streams at still higher
altitudes, our knowledge about them is
as yet too scant to warrant treatment
in a textbook. The discussion will be
restricted to the three current sys-
tems just mentioned. Though they oc-
cur in widely different geographic
locations, their basic structure is
similar. We shall begin with a de-
scription of this basic structure.
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Chapter II

Wind Structure of the Jet Stream

The jet stream may be visualized
as a core containing high wind veloc-
ities, meandering around the hemi-
sphere. A description of its instan-
taneous structure must take into

account variations in all three dimen-

sions. Even casual acquaintance
with high-altitude wind fields will
show that this structure can be most
varied. Therefore only some basic
features of jet stream structure and
behavior can be depicted here. The
precise geometries of the examples
in this and later chapters cannot be
expected to apply rigidly in each in-
dividual situation.

Data Sources and Errors

Observations used to determine
the wind field of jet streams are
radiosonde and rawin ascents, air-
craft traverses and constant pres-
sure balloons. In the early days of
jet stream research in the 1940's,
wind measurements in the high tro-
posphere were few. Hence winds
were calculated on constant pressure
charts or vertical cross sections
with the geostrophic or gradient
wind formulae. This approach was
successful in providing a good gen-
eral view, but it suffered from two
drawbacks. First, the approxima-
tion formulae can be considered
valid only within certain limits, and
these limits depend on the particu-

lars of a given situation. Second, in
order to calculate a wind, two radio-
sonde ascents are necessary. The

slope of a constant pressure surface
between two stations gives the mean geo-
strophic wind component normal to the
line connecting these stations. This
component is subject to random and sys-
tematic errors in radiosonde observa-
tions, usually cumulative with height.

A calculated wind can be grossly in er-
ror, especially if the distance between
the two stations is small.

Most examples in this text are based
on direct wind determinations. But wind
as measured by any of the methods men-
tioned is also subject to error. Sources
for such errors will be discussed in de-
tail in Chapter X. Moreover, there are
real wind fluctuations on a scale smaller
than that of the general jet stream en-
velope. The scale of these so-called
striations, also referred to as 'noise’,
normally is an order of magnitudeless
than that of the general current. In
depicting broadscale jet stream aspects,

‘these striations must be smoothed

much as surface isobars must be
smoothed in drawing surface weather
maps for large areas. This rule has
been followed in the illustrations in
this text. However, isotachs (lines of
equal wind speed) generally have been
kept within twenty percent of reported
speeds; ‘and temperatures within
1-2°C of reported temperatures.



Highest Wind Speeds in Jet Streams

An observation of high wind speed
does not by itself warrant use of the
term 'jet stream'. It is necessary
for large vertical and horizontal
shears to exist which limit vertical
and lateral extent of strong winds,
in order for a 'core' to exist. More-
over, the word 'stream' impliesthat
the core must possess considerable
length.

For the sake of definition, the
World Meteorological Organization
(1958) has proposed the following
description: 'Normally a jet stream
is thousands of kilometers inlength,
hundreds of kilometers in width and
also some kilometers in depth. The
vertical shear of wind is of the or-
der 5-10 m/sec per km and the lat-
eral shear is of the order 5 m/sec
per 100 km. An arbitrary lower
limit of 30 m/sec is assigned to the
speed of the wind along the axis of a
jet stream. '

This definition, based on experi-
ence with upper-air charts, by no
means requires extraordinarycore
speeds in order for a wind system
to be called a jet stream. Central
speeds of 60-100 knots are com-
mon in tropical jet streams, both
easterly and westerly, and in
higher latitude currents during
summer. Core speeds of 120-150
knots are frequent in subtropical
and polar jet streams of winter.
Qualitatively, a middle latitude jet
stream of winter may be considered
'strong' when winds in the core ex-
ceed 150 knots. Currents with
speeds in excess of 200 knots are
likely to occur over North America
at least several times during a win-
ter season; over eastern Asia such

speeds are much more common.

There are a few valid observations of

winds in excess of 250 knots, but all

reports received so far of wind speed ‘
above 300 knots have proved errone-
ous. It is probable that the upper

limit of core speed lies near 300 knots, ‘

If one visualizes a current with di-
mensions as given by the definition of
the World Meteorological Organiza-
tion, he finds that the jet stream can
be likened to a thin, narrow ribbon.

A system with such a shape cannot be

portrayed on true scale on vertical .
cross sections where a description of

vertical and horizontal gradients is

desired. On such sections the verti-

cal distance is always exaggerated,

usually about 100:1. This scale dis-

tortion must be borne in mind when

cross sections are examined.

Vertical Wind Structure

Fig. 2.1 portrays the vertical
profile of wind speed in a strong jet
stream moving toward the North
American continent from the Pacific
(cf. fig.2.11). As is common in
practically all soundings through jet
streams, the wind direction was
practically constant with height. The
wind speed increased fairly steadily"
in the low and middle troposphere,
more rapidly in the high troposphere; ‘
there shears reached 50 knots in
5,000 feet, The maximum wind was
well defined, with the height of the
level of strongest wind near 35, 000
feet. Just above the core the shear
was even greater than below, andthis
holds for the majority of wind pro-
files, though not for all. As yet it is
uncertain how large vertical shears

can become. But at times quite ex-
traordinary soundings are encoun- .
tered, for instance on 1 April 1953



over Puerto Rico (fig. 8.16). Though
the current was relatively weak onthat
occasion, the shear approached 80
knots in 4, 000 feet.

In middle latitudes shear and max-
imum wind are often correlated; the
stronger the jet stream, the stronger
the vertical shears above and below
the core. From an extensive survey of
rawin ascents over the United States,
Endlich et al (1955) developed a model
relating strongest speed and shears
(fig. 2. 2). The sharp peak at the level
of strongest wind must not be taken
literally; it is meant merely to em-
phasize a rapid transition from one
regime of shear to another.

Reiter (1958) has approached jet
stream representation from a some-
what different viewpoint., Because of
real small-scale fluctuations, there
is no guarantee that the precise shape
of soundings as reproduced in fig.2.1
is representative of more than the
immediate vicinity of the location
where the balloon ascended, even
without inaccuracies in soundingeval-
uation. Such errors, however, must
also be taken into account when as-
sessing the representativeness of an
ascent, Some of the uncertainty can
be eliminated by performing a verti-
cal integration and defining a 'layer
of maximum wind' (LMW). This layer
may be assigned a speed, direction,
thickness and mean altitude.

Quantitative definition of the LMW
is arbitrary. Reiter defined the thick-
ness of the layer as the vertical dis-
tance over which speeds exceed 80 per-
cent of the highest speed on thepro-
file, and he chose a wind speed equal
to 90 percent of the value of the max-
imum as a representative wind speed
for the layer. Other definitions can

of course, be formulated, but it was
found that a broader definition would
lead to thicknesses so great that the
jet stream core becomes obscured.
Even so the thickness in the Seattle
sounding, represented by the vertical
line in fig. 2. 1, was nearly 10, 000
feet.

Reiter also computed the average
decay of wind speed above and below
the jet core, and found that the wind
in the mean decreases to 50 percent of
peak speed about 5.5 km below and 5
km above the core (fig. 2. 3). Thepeak
in this diagram also must be regarded
as merely schematic., Usually it is
difficult to ascertain the actual sharp-
ness of a peak from teletype messages,
but there appears to be some correla-
tion between peakiness and the thick-
ness of the LMW, When the depth of
the layer is shallow, the peak tends to
be more prominent than in deep cur-

rents((z\'g. 24).

Arakawa (1956) has prepared a re-
markable scatter diagram of soundings
taken at Tateno, Japan, which is alittle
north of Tokyo. Mean winter jet stream
speeds over Japan are perhaps the
highest in the world and the direction
is largely westerly. Hence the balloons
were released at a site 88 km west of
Tateno and followed from there and
from Tateno. The balloons could be
tracked successfully at Tateno after
the evaluation angle at the release site
had become too small, This arrange-
ment diminished the problem brought
about by low elevation angles in deter-
mining wind speeds (Chapter X), so
that Arakawa's diagram (fig. 2.5) may
be accepted as giving an excellent por-
trayal of the mean jet stream struc-
ture. The mean altitude of the core
was near 12 km with speed of about 170
knots; shears average 70 kn/5 km



below and 80 kn/5 km above the level
of maximum wind.

Lateral Wind Profiles

If a high-velocity current is to be
entitled 'jet stream', it must possess
strong lateral shears in addition to
strong vertical shears; otherwise one
cannot speak of a core of high energy
flow in relatively quiescent surround-
ings. Lateral wind profiles areusually
determined on constant pressure
charts, although these are not strictly
horizontal. For aircraft flying at
constant pressure-altitude, it is this
type of wind profile that is most im-
portant,

Rawin observations and aircraft
traverses have yielded a wide spec-
trum of lateral velocity profiles.
Variation is greater on the cyclonic
than on the anticyclonic shear side
where there is a quasi-limiting con-
dition which is rarely exceeded,
namely that the absolute vorticity
should not be negative. The back-
ground for this condition will be ex-
plored further in the last chapters.
At present it will suffice to note that,
except in strongly curving currents,
the relative vorticity is determined
mainly by the shear. To the left ofthe
jet axis, looking downstream, the re-
lative vorticity is cyclonic and thus
the absolute vorticity exceeds the
Coriolis parameter. To the right of
the axis the relative vorticity is anti-
cyclonic and the absolute vorticity is
smaller than the Coriolis parameter.
The limit is reached when the anti-
cyclonic shear attains the value of the
Coriolis parameter which happens
frequently, Through the control of
dynamic factors the extreme wind
profile to be expected on the anticy-
clonic side is stabilized.

Fig. 2, 6 contains profiles of wind
speed normal to the jet axis for the
current described in figs, 2. 11-12,
Both profiles intersect the axis near
the location of strongest wind along the
axis as closely as the strongest wind
can be found. To the right of the axis
the mean shear over 300 miles was 80
knots, hence the relative vorticity -
0.8 x 10'4 sec , a little smaller
than the Coriolis parameter. On the
left side the mean shear over the same
distance was 100 knots which equals
the Coriolis parameter. This feature,
that the shear to the left of the axis
exceeds the shear to the right, is ob-
served in most instances on constant
pressure surfaces.

The profile for 22 April intersected
the jet stream center almost exactly
(fig. 2. 12), indicating that the current
weakened from the preceding day. The
shears, however, did not change in the
core, so that the profile had the same
shape as on 21 April, but with reduced
central speed.,

Various attempts have been made to
compute regression equations for the
shape of the wind profile on both sides
of the axis; these could be used as an
aid in isotach analysis and in central
wind estimates given only sparse wind
data on the periphery of a current.
Results of such computations have
proved only of limited value because of
the variety of wind structures encoun-
tered. Endlich and McLean (1957) have
prepared profiles for several types of
jet streams from research flight data.
For purposes of comparison, all winds
were expressed in percent of the
strongest speed for each profile (fig.
2.7). Reiter (1958) used the same
technique to determine the shears in
the Layer of Maximum Wind (fig. 2. 8)
for strong jet streams. According to




the slope of the lines in this diagram,
the central speed will be four times as
large as it is over a station situated 350
n. miles to the left of the axis and 2.3
times as large as the speed over a sta-
tion situated a similar distance to the
right of the axis. Since these are mean
shears in a sample with large scatter,
they can only serve as a rough guide.

Several aircraft traverses through
strong jet streams made by the United
States Navy and by British aircraft in
middle latitudes produced profiles
(fig. 2. 9) which onthe cyclonic side were
considerably stronger than the mean pro-
files, with a doubling of speed per 160
km toward the jet axis (Riehl, Berry
and Maynard 1955). Shears approaching
or even slightly exceeding this value
have been noted also by Endlich and
McLean, but it is probable thatthe curve
of fig. 2. 9 essentiallyindicates maximum
shears to be expected. On the anticy-
clonic side the shears given by these
aircraft traverses were equal to the
Coriolis parameter close to the jet axis
and decreased slowly with distance from
the core.

On many occasions the wind speed
ceases to weaken outward from a jet
axis and may even start to increase
again. This indicates that the limit of
the particular currenthas been reached
and that the profile has been extended
into an area of uniform flow or under
the influence of another jet stream.

Horizontal View

Until very recently, a convenient
way to find jet streams on high-
tropospheric constant-pressure charts
consisted in locating the areas without
wind reports. Due to distance of the
balloons from the observing sites, winds
could not be computed inthe high-

velocity region of the upper troposphere,
though radiosonde signals were still
being received clearly. Fortunately,
instrument improvements are over-
coming this problem, though at the
time of this writing there are still
many situations over North America
where the wind most needed todescribe
a jet stream core is missing. Never-
theless, a fair approximation of the

jet stream envelope can usually be
drawn over the continent and in several
other regions of the world.

If this chapter were to contain
merely samples of all of the most im-
portant jet stream configurations and
their evolution with time, a huge set
of illustrations would be needed. The
reason for this lies in the fact that
there are variable wind shears and
curvatures along the jet axis of jet
streams in addition to the vertical and
lateral shears just discussed. Jet
stream intensity and shape undergo
changes with time.

A current usually is not continuous
around the hemisphere in middle lati-
tudes, but has a beginning and an end.
The length of a well-developed current
is generally several thousand miles.
Hence, within the station network over
North America we may observe the
front or tail end of a jet stream, but
rarely both ends of the same current.
At times, the data suffice to depictthe
front end of one current and the tail
end of another one. This happened dur-
ing the period 20-22 April 1958, illus-
trated in figs. 2. 10£f,

On the first day of this period
(fig. 2. 10) the evidence points to a
region of highest speed near the north-
western coast of the United States or
in the eastern Pacific. Lack of data
over the ocean precludes extension of



the detailed analysis in this direction.
The jet stream axis, which will be de-
fined as the axis along which the highest
wind speeds are found, extended south-
eastward from the state of Washington
toward New Mexico with gradually di-
minishing speeds. Over Texas and
Oklahoma there was no jet stream at
300 mb, substantiated by the dense
station network in that area. There is
some indication of another jet stream
over Labrador; its roots can be traced
southwestward to Nebraska, thoughthis
extension of the analysis is somewhat
tenuous.

Streamlines have not been drawnin
fig. 2. 10 for clarity of presentation, but
there are enough winds to demonstrate
that the flow over North Americaexec-
uted a fairly regular sinusoidal oscilla-
tion, with ridges near both coasts and
a trough in the middle of the continent.
Highest speeds, therefore, werelocated
in the ridges, and the jet stream was
discontinuous across the trough. The
air lost kinetic energy in the north-
westerly flow and gained kinetic energy
when moving from southwest. This
happens frequently though not always.
At times, the strongest speeds will
occur in troughfs, though from experi-
ence it appears that high velocities
occur in ridges more often than in
trough{s.

Note that a third current, the sub-
tropical jet stream, is weakly indicated
over Florida-Cuba. The core of this
current is normally located at a higher
altitude than that of the middle latitude
jet streams, so that the subtropical jet
stream tends to be far more pronounced
on 200-mb charts.

On 21 April (fig.2.11) speeds on the

west coast rose to the highest of the
series, indicating that the center of the
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jet streamwas on the coast. Sucheentes
centers of strongest speed along an axis
will be called 'high-speed centers'. The
maximum 300-mb speed was 185 knots
at Tatoosh Island, but this wind does
not appear to fit with those of Seattle
and Portland. Examination of the
Tatoosh message revealed that a speed
of 205 knots was reported at 33, 000
feet and that thereafter the wind was
not reported at several standardlevels,
to be resumed at much higher altitudes.
This report was therefore assessed as
somewhat unreliable and has been mod-
ified in the analysis.

Wind speeds also rose over the
Rockies along the axis, and the axis
itself was displaced eastward by about
5° longitude over the central and south-
ern Rockies. The lateral shear was
fairly uniform on the anticyclonic side
of the axis decreasing slowly down-
stream. On the cyclonic side the shear
was more variable, with very large
values just north of the high-speed
center, also decreasing downstream,.

The amplitude of the streamline
configuration increased from the pre-
ceding day. The pattern was no longer
of a symmetrical wave type butfeatured
a sharp trough elohgated NNW-SSE,
Coincident with this change a remark-
able strengthening occurred in the
southwesterly jet stream farther east,
though it remained separated from the
western current by an area of slow
motion over the southern United States.
Shears in this current were very strong
on both sides of the axis, especially on
the cyclonic side; this agrees with
Dickson's suggestion (1955) that shears
often are strongest upstream from high-
speed centers where the air gains
kinetic energy.

In fig.2.11 the wind vectors diverge ‘
downstream along the northwesterly




axis and they converge along the south-
westerly axis, at least south of the
Great Lakes. Such fanning and contrac-
tion occurs many times when marked
velocity gradients exist along an axis. *
This indicates that the flow tends to be
geostrophic and non-divergent, though
of course a completely geostrophic cur-
rent is impossible in regions where air
accelerates or decelerates. The stream-
line patterns have given rise todescrip-
tive terminology: one speaks of the re-
gion upstream of a high-speed center

as entrance or confluence zone, of the
region downstream as exit or difluence

zone,

Fig.2.11 marks the high point of the
development. By 22 April (fig. 2. 12)
the western high-speed center hadpass-
ed inland with diminishing intensity.
Winds in the Pacific northwest
especially at Tatoosh, Seattle and
Spokane. In this region the jet axis drop-
ped southward while still advancing to-
ward the east over the Rockies. The
'nose' of the current apparently made
contact with the subtropical jet stream
over the Gulf of Mexico, and this re-
sulted in the appearance of strengthen-
ing southwesterly winds over the south-
eastern United States. The center of
the southwesterly jet passed off intothe
area of sparse data in Canada, butavail-
able winds indicate that it, too, lost
intensity.

Layer of Maximum Wind: The preceding
series of charts brings out the highly
variable character of jet streams, and

their growth and decay as it occurs in
middle latitudes. Of course, the situa-

#*Examine, however, the chart for 26
December 1958 (fig. 10. 12) where stream-
lines did not converge in spite of alarge
downstream increase in windspeed.
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tion often is not as complicated as in
this instance; in areas such as the sub-
tropics day-to-day variations incurrent
structure are much smaller. On the
other hand, winds at 300 mb or at
another high-tropospheric constant-
pressure surface in many cases pro-
duce an impression of velocity dis-
tributions much more complex than
actually present. This is again due to
the 'noise' of rawin ascents, both real
and caused by ascent evaluation tech-
niques. The current of figs.2.10-11
was so strong that the observational
noise did not obscure the approximate
position of the axis and the wind dis-
tribution along the axis. But in many
weaker situations the noise will suffice
to destroy the coherence of a chart; one
obtains the impression that many minor
jet 'fingers' are present.

In order to decide on the reality
of such fingers and to obtain analyses
which are as stable and reliable as
can be produced, it will again be of
value to work with data integrated over
a layer of limited depth. This is readi-
ly accomplished by plotting charts of
the LMW, Analysis of such charts en-
ables one to follow the core whose alti-
tude may vary along the axis so that it
'cuts'up or down through constant pres-
sure surfaces. Actually such height
variations occur; the amount of vertical
oscillation is quite variable but it aver-
ages only 1 km (about 30 mb) over a
distance 1000 km upstream and down-
stream from a high-speed center. This
is a small vertical displacement, often
within range of error in drawing charts;
it is much less than the average thick-
ness of the LMW, Other evidence in-
dicates that the core tends to belower
in troughs than in ridges.

Fig.2.13 illustrates the LMW
analysis for 21 April; on this occasion



the height variation of the core was
indeed small and highest speeds, asfar
as can be determined, were located
where the altitude of the axis was lowest.
Propagation and weakening of the west-
ern high-speed center is well demon-
strated by comparison of figs. 2, 13 and
2,14, In addition, fig.2.14 revealsthat
marked strengthening of the subtropical
jet stream occurred in the 24-hour inter-
val. This could not be observed from
figs.2.11-12 because the subtropical

jet stream, as is common, was centered
near 200 mb and was only weakly re-
flected at 300 mb.

Kinetic energy: As evident from the
LMW analyses, wind speeds over the
western United States decreased down-
stream along the jet axis from the coast,
especially on 21 April, The high-speed
center itself propagated at 30 knots on
21-22 April, while the speed of the air
exceeded 100 knots over the greatest
portion of the axis. Hence the isotachs
of the LMW moved much more slowly
than the wind, and it follows that indi-
vidual air parcels moving in the jet
stream decelerated. Apart from friction,
the mechanism for deceleration is
motion toward higher pressure or
greater heights on constant-pressure
surfaces. For demonstration of such
cross~-isobar flow it would benecessary
to establish the angle between stream-
lines and contours. This is difficult
because the angel is normally small at
high wind speeds.

The simple scheme of fig, 2. 15,
however, regularly holds in case of a_
pronounced high-speed center withlarge
gradients of wind speed along the axis
(Riehl 1954a). This figure contains 300
mb contours for 21 April and the jet
stream axis from fig.2.11, Thewestern
axis crossed contours from low to high
heights, looking downstream; theeast-
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ern axis from high to low heights. Now
a jet stream is not a streamline or a
trajectory, but normally the windblows
nearly parallel to a well-marked axis
as in fig.2.11. Moreover, the air
moved very rapidly; on 21 April it pass-
ed from the west coast to Texas in 6

to 8 hours.

For a first approximation, we may
try the assumption that the axis approx-
imates a trajectory and that the map
may be considered nearly stationary
for the few hours during which the air
crossed the mountains, Then stationary
Bernoulli flow prevails and the velocity
gradient along the axis may be comput-
ed for frictionless flow. Loss or gain
of kinetic energy is proportional tothe
contour interval crossed by the axis
as explained in more detail in Chapter
XII, which also contains anaccelera-
tion nomogram (fig. 12.11). Usingthis
nomogram a decrease of speed from
170 knots to 90 knots should occur
along the northwesterly current, and
-~andincrease from the 60-knotisotach
to 130 knots over Lake Michigan along
the southwesterly current. Theseincre-
ments correspond quite well to the ob-
served ones. Hence, for a rough guide
the axis may be treated as atrajectory
in situations with well marked currents,
and the calculation will aid in estimat-
ing central speeds.

Vertical Cross Sections of Wind

The view of the wind field is com-
pleted by examining vertical cross
sections, illustrated for 22 April 1958,
in fig. 2. 16. Some of the plotted ascents
are a little ragged at high levels due
to difficulties in reading elevation
angles or due to small-scale wind fluc-
tuations., Nevertheless, all winds have
been plotted as reported, but the ana-
lysis is slightly smoothed. Unfortunately




the critical Denver (469) wind termi-
nated at 300 mb, so that there is no
precise way of placing the core. Failure
of an important sounding is the rule
rather than the exception in strong jet
streams. When this happens, the ana-
lysis can often be solidified with inter-
polation from an earlier or later sound-
ing. According to fig.2.17 the wind at
200 mb still exceeded 140 knots 12hours
after the time of fig. 2. 16, although the
lower winds %%.f started to decline as

the high-speed center moved eastward.
It appears reasonable to assume a cen-
tral wind near 160 knots for fig. 2. 16. %
With this interpolation the core struc-
ture is determined. The level of strong-
est wind sloped downward across the
jet axis from southwest to northeast to
a point about 200 miles north of the
axis; then it rose again. The 'root' of
the jet stream extended downward to the
middle troposphere where it can be re-
congnized weakly at 500 mb.

*¥For quantitativetechniques of vertical extrapolation of wind soundings see Chapter X.
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Fig. 2.10 300-mb winds, 20 April 1958, 00Z. Salid lines are jat stream axes, isatach agnalysis in knats,
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. Fig. 2.11 300-mb winds, 21 April 1958, 00Z. Dashed line is previous jet axis position.
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Fig. 2.12 300-mb winds, 22 April 1958, 00Z, and layout of cross-section for fig. 2.16.
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Fig. 2.13 Loyer of moximum wind chort, 21 April 1958, 00Z. Wind orrows with borbs denote complete LMW winds.
Height of LMW (1000’s feet) entered to right of wind orrows, thickness of LMW (1000’s feet) underneoth.
Open orrows indicote incomplete wind sounding, then letter T (top) is entered ond height of top of
sounding (1000’s feet); or complete sounding without LMW. Speed entered in reor of arrow; B denotes
borotropic sounding with neorly uniform speed; o height (1000's feet) ot heod of sounding indicotes
level of moximum wind.
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Fig. 2.14 LMW chart, 22 April 1958, 00Z.
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Chapter III

Thermal Structure of the Jet Stream

Thermal Wind

The vertical wind structure of jet
streams normally is related to the hori-
zontal temperature in a definite way.
This occurs because the atmosphere is
nearly hydrostatic and winds tend to be
geostrophic. Although it was stated at
the opening of the last chapter that
geostrophic calculations can lead to
erroneous results, it is nevertheless
true that they yield a good first approx-
imation to the wind when applied with
adequate safeguards in broadcurrents
which do not curve too strongly.

We shall consider at first the west-
east component of motion. The geo-
strophic wind(ug\ when computed on an
isobaric surface, is given by

_ E@E)
Yg T TV /pe

where g is the acceleration of gravity,

f the Coriolis parameter, h the height
of an isobaric surfaceyand y a horizon-
tal coordinate, normal to and increasing
toward the left of uy (i. e. northward).
When equation (1) is differentiated with
respect to height (z) and the hydrostatic
relation is introduced, one obtains the
well known geostrophic- thermal wind
equation,

(1)

aug -
0z

where T is temperature. This formula
specifies the connection between wind

2
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and temperature fields; it says that
when the west wind increases with
height the temperature must decrease
from right to left, looking downstream,
across the layer with positive shear.
Conversely, given a cold reservoirg
such as the polar regionfsurrounded by
the warm equatorial air, the wind
encircling the cold reservoir, i.e. the
west wind, will increase upward.

So far the statement is general and
applies to any vertical wind profile in
a geostrophic and hydrostatic field.
The speed of a westerly jet stream is
obtained by integrating the thermal
wind equation from the ground'to the
top of the layer with pdlewarddirected
temperature gradient, that is, to the
tropopause region, 1he equation s

AT
_a(_..)ﬁ ,
fT\ 9Y

where u; is the westerly jet speed, uj,
the surfJace wind speed,and H the level
of maximum wind. Often the surface
wind can be neglected compared to the
jet stream speed; then u; may be com-
puted from the horizontaJl gradient of
the mean tropospherectemperature T
alone. If so, the shear across the cur-

rent is given by
>H ’

where a constant height of the level of
maximum wind has been assumed and
the computation is restricted to a

(3)

u., - u = -
J (o]

du, _ g (92T

T \3y2

(4)
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limited belt, so that the variation of
Coriolis parameter with latitude may be
neglected. Usually the wind direction
varies very little with height through
jet streams, as already brought out.

‘In the lowest 300 mb, marked
turning of wind with height is very com-
mon. If, however, the lateral shears in
this lower layer are small and can be
neglected in comparison with the shears
in the jet, equations (4) and (5) may be
generalized for winds of arbitrary direc-
tion. Given Viy as the geostrophic speed
at height H and n as the co-ordinate
normal to VH’

a—V.H:—%CnLT) H. (5)
o 1T\5°

The tropospheric temperature gradient
must have a maximum at the jet axis
where 8V._./8n = 0. Lateral 'packing'

of isotherms is strongest under the jet
axis where then the major fronts may
be expected to be situated; the isotherm
concentration weakens outward from the
axis in both directions. Because of the
decrease of Coriolis parameter toward
the tropics, a weaker temperature field
will balance a jet speed profile there
than in middle and high latitudes.

A thickness analysis for the layer
1000-300 mb or 1000-250 mb is best
suited to represent the T field. But
the isotherms on some constant pres-
sure surface in the middle of the layer,
say 500 mb, often will serve as good
qualitative indicators. Isothermanalysis
at 500 mb,at times,has led to spectacular
results, as in fig. 3. 1. There a major
fraction of the equator-to-pole tempera-
ture gradient is concentrated in a nar-
row meandering 'ribbon' which encircles
the globe, often referred to as the polar
front at 500 mb.

24

The concentration of the tempera-
ture contrast and its relation to the jet
stream core is well brought out by
fig. 3.2, one of the earliest cross sec-
tions through a jet stream, drawn by
Palmen (1948). Besides the main polar
front, this diagram shows a subsidence
inversion in the subtropics, a second-
ary polar front and an arctic front.
These features are only of minor im-
portance for the broad configuration of
the temperature field.

The jet stream core in fig. 3. 2was
situated at the altitude where the me-
ridional temperature gradient reversed.
From hydrostatic considerations, this
must be the level where the slope of
isobaric surfaces will be strongest.
The diagram, of course, was computed
with the geostrophic assumption, hence
jet stream core and level of reversal
of temperature gradient coincide of
necessity. Wind measurements col-
lected since that time have confirmed
the general validity of the relations
apparent in fig. 3. 2. One can make a
fair estimate of the core altitude given
only temperature data.

From cross sections such as
fig. 3.2, Palmen concluded that one can
often assume a jet stream core to lie
above the intercept of strong polar
fronts with the 500 mb surface. This
rule, of course, is meant as a general
guide only. If a leeway of about 200
miles is permitted, it can frequently
be applied with success. Chapter VIII
contains illustrations of a jet stream
over North America during 16-18
November 1958; in this instance the
rule worked well indeed. On the other
hand, not all surface fronts are con-
nected with jet streams because the
airmass contrast may be confined to a
shallow layer. Nor do jet streams in-
variably have fronts underneath them;




they may cross the 500 mb temperature
concentration when the latter is not very
strong, as occurred in the 21 April 1958
situation (fig.3.8). Jet stream and polar
front may be associated along a portion
of the jet stream axis only. Extreme
cases have been described (Newton 1954)
where front and jet stream were coupled
on one cross section normal to the cur-
rent and where only a frontless baro-
clinic zone could be detected above 700
mb as little as 500 km downstreamfrom
the first section, while the jet stream
approximately retained its shape and
intensity. Separation of the whole baro-
clinic field of the troposphere into a
lower portion associated with a surface
front, and an entirely separate entity
associated with the jet stream, can at
times be demonstrated in a spectacular
manner (Riehl 1948) (fig. 3. 3). In such
cases there are no inversions or stable
layers on the soundings in middle and
upper troposphere, and it is not satis-
factory to force a simple frontal con-
struction on the whole field by drawing
two heavy lines enclosing the whole
baroclinic layer.

Finally, in low latitudes and also in
middle latitudes in summer, the tem-
perature field up to 500 mb may be quite
indifferent; yet a strong jet stream can
exist with center near 200-150 mb in
association with thermal gradients con-
fined to the upper troposphere.

The geostrophic thermal wind rela-
tion, in spite of its value in most types
of flow fields, connot be expected to
perform well in all circumstances.
Where the flow is strongly accelerated,
marked deviations will occur (Newton
and Carson 1953). This happens pre-
dominantly in fields with large curva-
ture of flow, especially when the curva-
ture is anticyclonic. When a jet stream
winds around a narrow ridge of great
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north-south extent, geostrophic depar-
tures can become extreme. For illustra-
tion, we shall consider a simple case,
gradient flow without change of wind
direction with height. The balance of
forces is then given by

2 6h
N +fV=-¢85an
R (6)
where V is the windspeed and R the
radius of trajectory curvature, taken
positive when cyclonic. The gradient
thermal wind is

g 1 oT

Vgr _ _ 1
f+2Vgr T &n
R

Oz

. (7)

Given V = 30 m/sec and R = -1500
km, 2V/R = -0.4 x 10"45ec'1 ornearly
half the value of the Coriolis parameter
at latitude 40 , following Newton and
Carson. The computed geostrophic
shear would give only half the acutal
vertical shear or, conversely, strong
vertical shears can occur in very weak
temperature fields. For V = 50 m/sec,
R = -1000 km, 2V/R = -10"%4sec-land
the whole calculation breaks down.
When R is cyclonic, the situation is not
nearly so critical. The geostrophic
shear overestimates the actual shear,
but since the two terms in the denom-
inator are then additive, the error is
generally not serious.

Stratospheric Temperature Field

From the geostrophic formula, the
slope of isobaric surface must decrease
above the level of strongest wind, given
approximately balanced flow. Consid-
ering the thermal wind relation, this
means that colder air must be located
to the right than to the left of the jet
stream axis, just the opposite from the
troposphere. Such reversal of



temperature gradient with height is
indeed necessary if winds reach a peak
value at some altitude and if they are
nearly geostrophic.

Fig. 3.2 and all jet stream analyses
that have been made, verifythe existence
of the temperature reversal. For a
striking illustration, the 200 mb tempera-
ture distribution of fig. 3.2 has been put
into graph form in fig. 3.4 The cold
layer south of the jet axis and the warm
layer to its north are clearly evident.

A further remarkable fact is apparent,
typical of most cases, that the warm
band north of the jet stream core in the
low stratosphere did not extend to the
pole, and that the cold band south of the
axis did not reach to the equator. This
furnishes undisputable proof that the
low-stratospheric temperature field in
middle latitudes cannot be explained as
due to advection of a warm arctic strato-
sphere from the polar zone and a cold
tropical sub-stratosphere from the equa-
torial belt. High-level air}masses of the
type found south of the jet stream in
middle latitudes near 200 mb in winter
donot exist at this level nearthe equator
It follows that the temperature distri-
bution above the jet strcam core is pro-
duced dynamically through vertical
motion—-ascent south and descent north
of the core.

Tropopause Structure: Since the level
of reversal of the temperature field
often coincides with the tropopause,
attempts have been made to locate the
level of strongest wind from tropopause
analyses. This has proved a difficult
undertaking. The tropopause often lies
above the level of maximum wind
(fig.4.5), hence it is not a perfect core
indicator (Endlich and McLean 1957).
Besides, tropopause analysis is very
complicated because a single and simple
tropopause is only rarely observed in
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middle latitudes; more often, the tropo-
pause is ill defined or there is a multiple
structure, and many assumptions and
definitions of an arbitrary character are
needed in drawing tropopause fields.
Nevertheless, it is of interest that a

d3.3.

tropopause 'gap' is apparentinfig. 3. 2/5@».

North of latitude 50° we observe a
'polar' tropopause, in this case located
near 300 mb but occasionally found at
400 mb or even lower. Another tropo-
pause, just south of the jet center,
appears near 200 mb. This tropopause,
with a characteristic potential tempera-
ture of 330-335°A, is not the 'tropical’
tropopause of classical description but
a middle latitude feature produced in
connection with the jet streamthrough
ascent equatorward of the axis as just
deduced from the 200 mb temperature
field. The tropical tropopause occurs
in figs. 3.2-3 and in fig. 3. 6 at much
higher altitudes.

In recent years various authors
have modified tropopause analyses as
shown in fig. 3. 2. They have connected
the polar tropopause with the lower
boundary of the polar front, also the
middle latitude tropopause with the upper
boundary of the front. The reasons for
such constructions are not always easy
to follow. Fortunately, it appears un-
necessary to discuss these analyses
further in the context of jet stream de-
scription. The uncertain portion of the
analyses is located just in the boundary
between troposphere and stratosphere
where lateral temperature gradients are
very weak and-where, therefore, the
placing of boundary lines will have little
effect on mass and wind computations.

Vertical Cross Sections

Mean cross sections: The temperature .
errors in any given sounding may dis- ‘
tort a cross section considerably at




times and render wind calculations
worthless. In order to eliminate these
errors as much as possible, Palmen
and Newton (1948) have used the migrat-
ing polar front at 500 mb as reference
surface and computed a mean cross
section with respect to this front,

Fig. 3.5 shows this section, obtained
from 12 individual maps along 80° W for
December, 1946. It is noteworthy that
the jet stream shows up as distinctly in
this mean section, computed with refer-
ence to the front, as in daily sections.
This indicates that jet stream and front
are closely linked when the sample for
averaging is properly selected.

The meridional temperature gradi-
ent in fig. 3.5 was by no means confined
to the frontal layer, in spite of the
selection of strong frontal situations.

In the polar air, the temperature gradi-
ent almost vanished north of latitude
50° above 800-700 mb. In the warm air,
on the other hand, the isotherms re-
tained a marked slope almost to the
level of strongest wind. It follows from
thermal wind considerations that the
total vertical shear will not be confined
to the frontal zone though it will be
laryest there. In fig. 3.5 the wind speed
changed as much as 40 knots from lower
to upper boundary of the front atlatitude
46° underneath the jet core. The sur-
face wind was about 18 knots; it was 55
knots at the lower boundary of the front,
95 knots at the upper boundary, and 135
knots at 300 mb. Thus, the total in-
crease of wind was 37 knots in the cold
air, 40 knots in the front and 40 knots
in the warm upper airmass. In spite

of the strong concentration of shear in
the front, the latter contributed only
one third of the total increase of wind
through the troposphere.

Cross Section for 22 April 1958: As
already stressed, it should not be in-
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ferred from cross sections such as

fig. 3.5 that a close association between
jet stream and polar front always
occurs. Research workers have tended
to pick for analysis situations featuring
strong fronts in the middle of winter.
Such illustrations are found in most
publications, and this has evoked the
impression that a general correlation
exists between jet stream and polar
front. The vertical section drawn
through the Rocky Mountains on 22 April
1958, (fig.3.6, cf. also figs.2.12,2,16)
illustrates a situation where the jet
stream is not connected with a strong
polar front at the location of the section,
On this day no stable layers or inver-
sions were reported on any sounding
between 700 mb and the tropopause.
The isotherms from 0°C to -50°C
sloped from SW to NE with roughly
uniform spacing along the vertical,
Higher up, there was evidence ofthree
tropopauses: the polar tropopause in
the north; then, after the typical gap,
the middle latitude tropopause which
occurred in two distinct layers; and
finally the tropical tropopause athigh
altitudes in the south. The jet core lay
just below the northern portion of the
middle latitude tropopause.

Glancing over fig. 3. 6, the reader
may be surprised that an intense jet
stream existed at all on 22 April in
the area of the section. The isotherms
look quite indifferent; at first glance
one might expect a general increase of
wind with height from the thermal wind
relation, but not'more. It is possible,
however, to bring the salient features
of the temperature field into stronger
focus. Because of the large tempera-
ture lapse rate along the vertical,
details of the horizontal gradients are
obscured in all but strong frontal situa-
tions. This difficulty can be overcome
by computing departures from some



mean atmosphere, such as the U, S,
Standard Atmosphere, and drawing cross

sections of temperature anomaly,

Fig. 3.7 was constructed by deter-
ming at first the average vertical tem-
perature structure from the eight sound-
ings in the cross section of fig. 3.6 and
then computing deviations of the individ-
ual ascents from the mean sounding.
The resulting pattern, after slight
smoothing, is quite spectacular and at
once clarifies the picture., Over the
largest part of the section the isolines
of temperature anomaly in the tropo-
sphere were nearly vertical and concen-
trated in the middle portions where the
vertical wind shear was largest. The
whole troposphere from the ground to
about 300 mb contributed uniformly to
the total baroclinity, a picture far
different from that obtained in cases
with strong fronts. Fig.3.7 alsoreveals
the reversal of horizontal temperature
gradients with height very clearly, with
the jet core centered in the 'col' bet-
ween the two warm and the two cold
temperature anomaly regions.

Temperature Charts

Figs. 3,8-10 show the jet stream
axis of fig.2. 11 superimposed onthree
temperature charts from 500 to 200 mb.
At 500 mb (fig. 3. 8) little correlation
existed between position of the jet stream
and isotherm configuration. Thewestern
axis crossed toward higher and the
eastern axis toward lower temperatures,
indicating that the amplitude of the jet
stream configuration exceeded that of
the isotherms. In contrast, axes have
been observed to parallel the 'ribbon'
of strongest isotherm concentration in
many other cases (see Chapter VIII);
at least over the Pacific 500 mb tem-
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peratures provide a good means for
Japanese Isles to orient themselves with
respect to the jet stream (Pan American
World Airways 1953), At 300 mb (fig.
3,9), the temperature gradient was still
directed from warm to cold across the
jet axes looking downstream, indicating
that the level of strongest wind was
situated above 300 mb everywhere.
Isotherms and axes were nearly parallel
at this level, In the west, the winds
were also parallel to the isotherms,
which differs from the 500 mb picture;
in the east there was a definite compo-
nent from warm to cold air along the
axis as at 500 mb.

The 200 mb chart (fig. 3. 10) gives
clear evidence of the reversal of tem-
perature gradient with height. At this
level temperatures were warmer to
the left than to the right of both axes;
the cold ribbon mentioned earlier ex-
tended along both axes with variable
intensity. The flow paralleled the
isotherms in the west but crossed
markedly from high to low tempera-
tures across the eastern axis suggest-
ing ascent there,

Dewpoint Cross Section

The moisture distribution and the
vertical motions associated with jet
streams have been inferred from
cloudiness and precipitation analyses
in most studies. Interesting and im-
portant analyses of the moisture field
as given by the dewpoint depression
are due to Vuorela (1957). He noted
that very dry air is often located with-
in the frontal zone underneath jet
streams. At times \\egradient of
dewpoint depression becomes extreme
as in fig, 3. 11, which also contains
arrows indicating the direction of
vertical motion as inferred by Vuorela.
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Fig. 3.9 300 mb isotherms (°C), 21 April 1958, 00Z, and jet axes.
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Fig. 3.10 200 mb isatherms (°C), and winds, 2} April 1958, 00Z, alsa 300 mb jet axes.
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Chapter IV

A Jet Stream Example - 6 March 1958

After the preceding detailed dis-
cussion of jet stream structure, it
will be of advantage to see how all
the pieces fit together in a compos-
ite illustration. For this purpose,
the situation of 6 March 1958, has
been chosen. At that time a strong
jet stream extended through the
center of the United States, well
documented by many wind soundings.
Moreover, a research-aircraft
flight was made through this current
by Navy A3D aircraft, specially
equipped for research missions with
Doppler-radar navigation equipment,
vortex thermometer, turbulence re-
corder,and photopanel, described in
detail by U. S. Navy (1959). This
will afford an opportunity to com-
pare the jet stream structure as
determined from maps and as
observed in detail by an airplane.

The Jet Stream from Balloon

Sounding s

Even without the help of time
continuity, the upper wind structure
over the United States is readily
determined from fig, 4.1, Time
continuity, however, confirms all
major features. Very little smooth-
ing of the LMW data was required
in drawing isotachs. Only the wind
at El Paso, Texas, had to be com-
pletely rejected as will be readily
understood from a glance at the
chart.

The major jet stream axis curved
clockwise over the country from
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Core LMW speeds
were 160 knots at the east coast and also
over Texas, so that in this instance a
definite high-speed center was not pres-
ent over the Sontinent. The currentappar-
ently géiaa\:‘géeé over the data-void of the
tropical eastern Pacific. Its downstream
extent into the Atlantic must have been
considerable, as judged from the Bermuda
report. A current split is indicated near
the Texas-Mexico border. Of course
winds were lacking in this area to con-
firm the analysis, but the existence of a
separate current branch along the Gulf
coast, the weakest feature of fig, 4.1 due
to lack of sufficient data, is substantiated
by time continuity.

Texas to Virginia.

With central wind speed roughly uni-
form along the main current, the axis
followed the 39, 000 ~foot contour of the
200 mb surface closely, while the Gulf
coast axis sloped from 39,500 feet over
Texas to 40, 000 feet over Florida., This
corresponds to a decrease from 160 knots
to 120 knots, assuming that the axis
denotes a trajectory, not a bad result
considering the observed downstream
decrease in speed. The slight break of
the 160 -knot isotach in the middle of the
country was suggested by the wind
reports in that area 12-and 24 hours later,
which showed that the maximum over the
southwest in fig. 4.1 propagated eastward
along the axis.

Over the western states the principal
current was narrow, with strong shears
on both sides. It gradually widened



downstream withoutloss of central intens-
ity. Ona cross section drawn through the
current over Oklahoma the distance with
LMW speedinexcess of 120knots was &
about 250 miles. Atthe east coastthis dis-
tance had more than doubled, indicating
thata large mass of air had become en-
€rainedinto the current over the central
part of the country. Streamlines did not

thetincreasing rate of flow which sug-
gests strong geostrophic departures and
a pronounced source of kinetic energy
over the east. This subject will be
taken up in Chapter XI.

It is of interest that, while anti~
cyclonic conditions prevailed over the
southern United States, a precipitation
area developed from a weak frontal
system over the Plains states propag-
ting eastward. A low pressure center
gradually emerged in this precipitation
area over the southern Great Lakes.
The upper outflow from this disturbance
presumably contributed at least in part
to the broadening of the jet stream over
the eastern states. In addition,
entrainment into the current in the high
atmosphere also occurred. In fig. 4.1,
the wind arrows pointed toward higher
speeds north of the axis everwhere west
of the Mississippi where the winds had
a south component. During the next 12
hours the axis moved northward about
120 miles (at a rate of 10 knots) and
LMW winds of 160-170 knots were then
recorded at places such as Dayton,
Ohio, and Topeka, Kansas. It follows
from this that actual acceleration
occurred in the clockwise curving
current north of the axis which was
sufficient to overcome the advection of
lower wind speeds from upstream so
that the jet axis actually moved north-
ward.

One canalsoseethatinthe west the
mean height -of the LMW sloped down-
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ward across the axis to a low point at
about 36, 000 feet roughly 200 miles on
the cyclonic side, then rose again to

45, 000 feet at the northwestern extremity
of the current just before the onset of
barotropic soundings. In the east, such
a rise of the mean height was not in
evidence. There the height of the axis
was steady near 38, 000 feet,

nver a eci if all, =
contelCanS B ERRTEIARLY i 2t all, over 4 e

The thickness of the LMW varied
irregularly, and it is best to assign a
uniform thickness of around 10, 000 feet
to the whole current.

The Norfolk sounding (fig. 4. 2) is
typical of what was observed along the
whole length of the current: a marked
concentration of the jet stream into a
narrow layer. Up to 28, 000 feet the wind
speed rose only 80 knots from the ground.
Then there was a sharp change in the
slope of the profile and in the next 11, 000
feet the shear was 100 knots. Above the
level of maximum wind, speeds at first
dropped very rapidly and the shear even
exceeded that observed below the core.
Still higher up, however, the shear
became quite weak. In summary, the jet
stream was compressed into a shallow
layer, typical especially of clockwise
curving currents. Considering the high
core speed, the LMW thickness of only
8,000-10, 000 feet was exceptionally
small. Also common in anticyclonic jet
streams, the core altitude was high--

38, 000 feet.

Fig. 4.2 suggests that the 200 mb
surface, with heights near 39, 000 feet
along the core, was the standard level
with strongest velocities. Accordingly,
fig. 4. 3 portrays the wind speed distribu-
tion at 200 mb along the cross section
laid out in fig.4. 1. All observations
fitted well, so that the profile could be
drawn without difficulty. North of the




axis, the shear was 50 knots/100 miles
between the center of the current over -
North Carolina and Washington, D.C.;
this is about 50 percent more than the
Coriolis parameter. South of the axis
one must go 180 miles to find a speed

as low as at Washington. Thus the
typical difference between shears on the
two sides of jet streams is well demon-
strated by fig. 4. 3.

A glance at the whole core structure
reveals a somewhat different picture
(fig.4.4). In this diagram, as in fig.
2,16, all winds have been plotted as
reported; some smoothing has been done
in the analysis. Outstanding is the fact
that the surface of maximum wind sloped
downward from the core on the north
side to a minimum height near Idlewild
Airport (IDL). Therefore the shear
measured along the axis was less than
the 200 mb shear between the core and
Washington. The height variation of the
axis was in accord with the description
of the LMW mean height of Chapter II:

a decrease in height across the axis
from anticyclonic to cyclonic side to a
point about 200 miles to the left of the
axis, followed by a rise toward the
barotropic area.

From fig. 4. 4 the jet stream of
March 6, like the one of 22 April 1958,
was confined entirely to the height ha\
troposphere. Even at 300 mb speeds
were almost constant from New York to
Florida, Accordingly, the temperature
distribution (fig. 4.5) showed only a slow
northward decrease of temperature
above a shallow cold dome which did not
extend beyond the 700 mb surface.
Except for the sloping stable layer
introduced by the low-level front, the
temperature anomaly analysis (fig. 4. 6)
resembled that of 22 April 1958, over
the western United States. Anomaly
lines were nearly vertical through a
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deep layer with roughly uniform baro-
clinity.- ‘Again, the jet stream core was
situated in the 'col! between the two warm
and cold areas. This feature occurs with
sufficient regularity that in the absence of
wind data a jet stream position can be
deduced with fair confidence from cross
sections such as fig. 3.6 and 4. 6.

The 200 mb temperature field (fig. 4. 7)
was characterized by a broad cold area
over the central United States between the
two jet streams. From there temperatures
rose toward both tropics and Canada. As
appropriate for a surface situated near the
level of maximum wind, temperature
gradients were weak in the vicinity of the jet
axis. Isotherms were concentrated
farther north and south, in contrast to
what would be observed at a constant-
pressure surface above the level of
maximum wind. The most remarkable

feature was the warm trough in the north

which had no counterpart in the wind field.
This trough moved eastward rather slowly,
much more slowly than the winds blowing
through it. From this it follows that
descent must have occurred west of the
trough and ascent to the east, and this
ascent was coupled with the precipitation
area at lower elevations.

The Jet Stream from Aircraft
Reconnaissance

The U, S. Navy A3D research airplane
took off from Patuxent River Naval Air
Station, Maryland, about 10:30 a.m. local
time on 5 March for a return trip along
the route outlined in fig.4.1. It was
scheduled to fly the southbound leg at 240
mb, the northbound leg at 220 mb. Due to
traffic control, however, the aircraft had
to climb above 200 mb for part of the
southbound trip.

Wind and temperature were recorded

every 15 seconds during the flight. From



the spot observations, two-minute
average values were computed on a
one-minute overlapping basis. These
values have been plotted in fig. 4. 8.

In view of the speed of the airplane,
each value represents a mean over
roughly 15 miles.

The wind direction during the
flight was nearly westerly; it changed
very little with time or spaée, hence
has been omitted from fig. 4. 8.
Smooth curves obviously can be fitted
to the wind speed profiles so that
individual values of speeds do not
deviate more than 10 percent from the
smooth distribution except at a few
points. To the extent that the flight is
representative of jet stream conditions,
it demonstrates the limit of deter-
minacy of jet stream wind structure
from aerological networks with spacing
of stations as found over the United
States and some other areas of the
world. Given 10 percent of the wind
speed of a smooth profile for the
"microstructure, " its energy will have
the order of one percent of the mean
flow and can therefore be considered
as '"moise.!" This "noise, ' even if it
could be charted accurately at any
given instant, is normally an imper-
manent feature of the jet stream
complex, that is it varies along all
three space coordinates on a time
scale one order of magnitude less than
that of the mean current (hours instead
of days). It follows that the limit of
predictability at a single level, when
averaged over 10-20 miles horizon-
tally, is about ten percent of the
smooth profile, assuming the latter
can be forecast with precision. A
similar conclusion had been reached
previously by Riehl (1956).

Since the entire flight time of the
mission was only about three hours at
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altitude, winds only minutes apart can be
compared near the southern terminal of
the flight and up to three hours apart in
the north portion. It is striking that the
southernmost striation at 220 mb was
completely absent at 240 mb. Possibly
the aircraft touched the lowest portion of
the Gulf Coast jet stream at 220 mb, a
current which, seen from fig. 4.1, was
quite weak over northern Florida with
very high core elevation -- 45, 000 feet.
The striations at 220 and 240 mb were
uncorrelated along the whole route, but

nothing further can be concluded because
we cannot ascertain whether the lack of
correlation was in space, or time, or
both., Nevertheless, it is noteworthy that
the vertical "shear' -- assuming this term
is admissable here -- was very small
along southern and central portions of the
flight route, but became very large near
and north of Greensboro (GSO), with
maximum of 60 knots in 2, 000 feet near
latitude 37°. This may be a feature
introduced by time fluctuations but a
similar, though less extreme, transition
of vertical shear is indicated in fig. 4.4
between the rawin ascents at Charleston
(CHS) and Hatteras (HAT).

Comparison of figs. 4.3-5 with fig.
4.8 is, in general, quite favorable,
especially when we consider that the
location is not quite identical and that
there is a time difference averaging about
12 hours. The cross sections were drawn
several months before the flight data
became available, hence the two sets of
diagrams were prepared quite independ-
ently of each other. Aircraft and radio-
sonde temperatures fit well, and the
detailed temperature profiles reveal that
no major feature has been missed in the
analysis of the raob data. The same is
-ég-g-é for the 220 mb wind profile, while
from the 240 mb flight information the jet
axis would be placed about 100 miles
farther south than it is drawn in fig. 4, 4,




This flight, as well as others that
have been made, confirms that in
general a station density, as main-
tained over the United States, suffices
for adequate determination of the ; &
important broad-scale features offflow
and temperature field at jet stream
altitudes and that the striations pos-
sess energy only of meteorological
Ultimately, the micro-patterns
may turn out to be important for jet

noise.
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stream theory. It is clear, however,
that for purposes of map analysis with
rawinsonde observations, it is permis-
sable and necessary to adjust any wind
by 10 percent and occasionally by 15
percent of the reported value for an
accurate picture of broad-scale jet
stream structure., Further comments
on this subject will be offered in
Chapter X,



Fig. 4.1 LMW chort for 6 Morch 1958, 00GCT. Nototion os in fig.2.13. Light solid line olong east coost outlines cross ‘

section shown in this chopter, heovy doshed line indicotes reseorch oirplone track.
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Fig. 4.7 200 mb temperatures (°C) and winds, 6 March 1958, 00GCT, and jet axis af LMW.
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Chapter V

The Subtropical Jet Stream

According to the classical theory of
the general circulation, air drifts equa-
torward near the ground and poleward at
high levels. The basic dynamic princi-
ple is conservation of absolute angular
momentum. In the surface layer this
principle is inoperative because of fric-
tional interaction between air and
ground; this prevents development of
strong easterlies in the equatorward
moving masses. Since friction does not
play such a large role in the upper lay-
ers, a rapid increase in west wind speed
with latitude may be expected for the
poleward return current at high levels,
even if the momentum principle holds
only approximately. If conservation
were to be realized fully, westerly
shears would indeed be tremendous.
Given, for instance, a subtropical ridge
with no zonal motion at latitude 7. 5°,
then the west wind speed would be 86
knots at latitude 20°, 236 knots at lati-
tude 30°, and 464 knots at latitude 40°,
In middle latitudes such speeds are not
realized, not even in the extreme. This
proves that mechanisms other than the
simple meridional cell must determine
the actual velocity there. In the tropics,
however, the constant momentum pro-
file is approached in winter, though not
attained,

In fig. 5.1 we see the latitudinal
distribution of zonal wind speed, at 200
mb, computed relative to the subtropi-
cal jet stream center of the Morthern
Hemisphere in winter, and the profile
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demanded from conservation of momen-
tum. Up to latitude 27° the curves are
fairly parallel. Then there is a break-
down of the observed profile, and this
marks the subtropical jet stream axis.
While the reasons for the breakdown at
this precise latitude are not known, it
is nevertheless clear that the subtropi-
cal jet stream essentially outlines the
poleward limit of the tropical cell of
the general circulation.

The Subtropical Jet Stream of Winter

The large increase in rawin sta-
tions in the tropics since the early
1950's permits determination of the
structure of the subtropical jet stream
from wind observations rather than
from geostrophic calculations based on
contour gradients on isobaric surfaces.
Krishnamurti (1959a) has analyzed the
period December 1955 - February 1956
using wind data, and the following will
be based largely on his work.

From individual charts and verti-
cal wind profiles it is well established
that the center of the subtropical jet
stream lies near the 200 mb level.
Analysis at 200 mb, therefore, is well
suited to bring out the features of the
core. Fig. 5.2 is an example of such
analysis. Evidently there are still
large areas where the isotachs must
be interpolated due to lack of observa-
tions, especially in the eastern por-
tions of the Atlantic and Pacific Oceans.



As a whole, however, the station densi-
ty represents a tremendous improve-
ment in just a few years,

The four days shown in fig 5.2 and
most other days of the period Dec.
1955 - Feb. 1956, exhibited broad, sim-
ple and regular patterns in the areas
with data. Thus interpolation in the
areas with few observations is far less
risky than it would be if the currents
were weak, if the flow pattern were
more complicated with features such as
many vortices, and if time variations
of wind and jet axis orientation were
large.

Fig. 5.2 exhibits three long waves.
Ridges overlie eastern North America,
eastern Africa and Arabia, and eastern
Asia., Troughs are situated over east-
ern Atlantic and Pacific, and over
south-central Asia, There the curva-
ture of the jet axis follows the southern
periphery of the Himalayan mountains.
The subtropical jet stream was first
noted and described for this part of the
hemisphere (Yeh 1950), where the
steadiness of the current was ascribed
to the stabilizing effect of the hugh
mountain plateau of inner Asia. As the
hemispheric data shows, the current is
also fairly steady in the other parts of
the hemisphere, though not to the same
extent, Distrubances travel along the
subtropical jet stream axis as they do
along the axis of higher latitude cur-
rents. These disturbances often take
the form of troughs and ridges of short
wave length (1000 miles) with high-
speed center; they may produce an in-
terruption of normal trade or monsoon
weather at the surface, occasionally a
weak cyclone. Disturbances usually
are of small amplitude except when
strong interaction with higher latitude
troughs is taking place, and it is diffi-
cult to trace them from day to day. In
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broad outline, the three-wave pattern of
fig. 5.2 is conserved.

Looking along the jet axis in this fig-
ure we find that speeds are highest in the
ridges where the flow curvature is clock-
wise, and lowest in the troughs. The low
trough speeds are confirmed by data on
the African west coast and over India,
the two areas with a station networknear
a trough, The increase in wind speed
from India to Japan has been well estab-
lished as a general feature by Yeh (1950)
and Mohri (1953). Over the eastern Pa-
cific, one can only note that speeds typi-
cal of ridges have rarely, if ever, been
observed in the Hawaiian Islands.

On the whole, 200 mb wind speeds
along the core are very high; the sub-
tropical jet stream is indeed a powerful
wind system. Interaction with the polar
jet stream occurs mainly in the ridges.
Here the principal incursion of high-
level tropical air into the higher lati-
tudes takes place and subtropical and
polar jet streams often flow side by side,
so that it becomes difficult to make a
clear distinction between them.,

In order to obtain mean vertical
cross sections through the current, the
wind speed must be averaged following
the 200 mb axis on each day. If, as is
frequently done in climatic studies, the
averaging is performed around latitude
circles, lesser core speeds will of ne-
cessity be realized because the axis is
situated in some areas to the north, in
other areas to the south, of any latitude
circle intercepting the core, In fig. 5.2
the jet axis is nearly parallel to the wind
in the core, so that the parallel wind
component (cg) nearly represents total
speed. If this component is averaged
over a longer period, spectacular verti-
cal profiles (fig. 5.3) and cross sections
(fig, 5.4) result. Even in the monthly




hemispheric mean the central speed at-
tains 70 mps. As in case of the polar
jet, vertical shears are somewhat
stronger above than below the core.
Lateral shears increase from the sur-
face to 200 mb (fig. 5.5). At this level
the speed drops to 50 percent of the
maximum 4¢ latitude to the north and
7° latitude to the south of the core.
Above 200 mb the shears again dimin-
ish rapidly, and the 100 mb velocity
profile in fig. 5.5 is almost identical
with that at 500 mb.

In fig. 5.4 a weak wind speed maxi-
mum extends to the surface, a feature
not representative of all portions of the
subtropical jet stream. Often the cur-
rent is situated directly above the sur-
face subtropical high pressure cell,
and even more often do we find the
'base' of the subtropical jet stream
above 500 mb. The meteorologist work-
ing with 700 and 500 mb charts will, in
general, not be aware of the subtropi-
cal jet stream. It is only at 300 mb
and higher that the complex character
of the upper wind field becomes fully
apparent,

The flow component normal to the
jet axis may be averaged in a manner
similar to the parallel component, but
one must expect small resultants be-
cause the normal component averaged
around the globe will be the mean ageo-
strophic wind, while the parallel com-
ponent is largely geostrophic or grad-
ient, In fact, there is doubt whether
the normal component can be determin-
ed reliably even with the station net-
work available to draw fig, 5.2, On a
daily basis this would certainly not be
possible. In the monthly average, how-
ever, good results have been obtained
as depicted in fig. 5.6. Near the
ground the air flows from left to right
across the axis, looking downstream,
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i.e. the flow is directed from cold to
warm air, In the upper levels the re-
verse holds. Poleward and equatorward
flow balance at any latitude, since there
are no large net mass shifts from low to
high latitudes or vice versa over a peri-
od as long as a month, Fig. 5.6 sub-
stantiates the fact that the subtropical
jet stream lies near the poleward bound-
ary of the tropical general circulation
cell. The center of mass circulation is
situated about 10° latitude to the right
of the axis, and the mass circulation
decreases rapidly across the axis. In
some other months, even greater sepa-
ration of jet axis and center of mass
circulation has been noted.

An example over the southeastern
United States: Mean position and inten-
sity of the subtropical jet stream appar-
ently undergo changes from one winter
to the next; these changes are addition-
al to the fluctuations that occur within
one season. Information on these long-
er period trends as yet is scanty, be-
cause high-altitude rawin ascents are
needed to map the current, and these
have been available in sufficient number
for only a few years, Nevertheless, it
is probable that the high incidence of
intense subtropical jet streams over the
southeastern United States during the
winter of 1957-58 will not be matched in
every year. During this winter polar
jet streams were weak or non-existent
over the central and northern United
States for prolonged periods, and all
activity was centered in the subtropical
jet stream. A long series of cyclones
passed through the southern states,
coupled with frequent cold outbreaks
even over Florida. There, January and
February 1958 averaged 8-10°F below
normal; such departures are exceeding-
ly strong for the latitude of the penin-
sula.




One of the high points of subtropi-
cal jet development occurred on 11 Feb-
ruary 1958, a day on which most rawin
ascents from the Caribbean to the south-
eastern United States reached the tropo-
pause layer. Fig. 5.7 illustrates the
weather situation of the high atmos-
phere for 11 February, 00Z, Over the
United States the air motion was slug-
gish; all high-energy flow was concen-
trated near and south of latitude 30 .

A subtropical jet stream of consider-
able intensity crossed Florida, well
documented by many rawin soundings.
It would have been difficult to deduce
the sharpness of this current from the
contour field of fig. 5.7. While 200
mb heights dropped more rapidly from
south to north across Florida than any
other portion of the map, the non-
linear distribution of contour gradient
demanded by the wind field was not
observed, or at least obscured by er-
rors in 200 mb height calculations.

The general streamline and con-
tour configuration showed a low-
latitude trough over Mexico. Due to
lack of upper winds over that country,
the axis of the subtropical jet stream
cannot be placed except over Florida.
Evidently, however, the situation cor-
responds well to those depicted in fig.
5.2: The subtropical jet stream mov-
ed from southwest toward a crest over
Florida and the Bahamas; farther
north a trough was situated approxi-
mately at the longitude of the southern
jet stream maximum,

Central jet speeds exceeded 200
knots (fig. 5.8) and the current was
typically contained in a shallow layer.
Vertical shears became extreme above
28, 000 feet, amounting to 110 knots/
10, 000 feet below the core and slightly
more above it., The LMW mean speed
was 190 knots, and the thickness of

the LMW 8, 000 feet., Clearly, this was
a core possessing strength not readily
exceeded in higher latitudes in spite of
the stronger temperature contrasts
available there in the surface layer for
concentration into narrow frontal zones.

The lateral wind profile (fig. 5.9)
matched the vertical profile in sharp-
ness of wind gradient. On the anticy-
clonic side, winds decreased to 50 per-
cent of central speed 400 n. miles, on
the cyclonic side 200 n. miles from the
axis. Such large shears certainly are
worthy of note in flight planning, Com-
paring figs. 5.8 and 5.9 the vertical
shear near the core had a value of 100
knots/2 miles and a lateral shear of 100
knots/200 miles, If it is considered
that the lateral extent of the system is
two orders of magnitude larger than the
vertical extent, it follows that horizon-
tal and vertical shears were practically
equal after introduction of this scale
factor. A similar geometric relation
may be found from comparison of figs.
5.2 and 5.5 and in many other individual
situations.

The concentrated nature of the
subtropical jet stream is further empha-
sized in fig. 5.10, in spite of the rag-
gedness of some of the soundings. Gen-
erally, the layer of maximum wind was
centered near 38, 000 feet, a little lower
than average for the subtropical jet
stream. Lateral shears e?:?&?éasﬁgup-
ward and downward rapidly from the
core. At 500 mb there was no evidence
of a jet stream over Florida; even at
400 mb only a broad central zone with
speeds of 80-100 knots is indicated in a
field where the wind generallyincreased
upward along the whole cross section.

Although the strong core of figs.
5.9-10 could not be deduced from the
contour field, the overall increase of




wind with height and particularly the
strong shears over Florida were related
to the temperature field (fig. 5.11). In
contrast to the temperature sections
presented earlier for 22 April and 6
March 1958, the one for 11 February
exhibits a number of stable layers
which, sloping upward toward north,
contained a certain fraction of the me-
ridional temperature gradient of the
whole section, At low altitudes there
were several stable layers with subsid-
ence or frontal characteristics. In the
middle and higher troposphere all
soundings near and south of the jet
stream core gave evidence of another
sloping stable layer not connected with
surface temperature contrasts., This
secondary concentration athigh altitudes
has been observed by Mohri (1953) for
the subtropical jet stream over and
south of Japan, by Endlich and McLean
(1956) for the North American area.
The origin of this stable layer is uncer-
tain, but it is frequently encountered in
subtropical jet stream situations. In
fig., 5.11 the jet stream core itself is
situated between this layer and the tropo-
pause. This tropopause was not the
tropical one—located near 100 mb in fig.
5.1l —but the middle latitude tropopause
described in Chapter III.

In summary, though the jet stream
core was centered south of latitude 30°,
its wind and thermal structure did not
differ noticeably from that regularly
encountered in middle and high latitudes.
The similarity in structure in maintain-
ed even when the core latitude is lower
still.

The Subtropical Jet Stream in Summer

There is nothing that shows the
close connection between subtropical jet
stream and large-scale heat sources of
the atmosphere better than the extra-

57

ordinary change that regularly takes
place in this current from winter to sum-
mer in the northern hemisphere. With
the advent of the warmer season the heat
source for the atmosphere is extended
well into middle latitudes. The large
mass circulation of winter that trans-
ports heat toward the north pole (fig.
5.6) is greatly weakened, and with this
weakening the westerly subtropical jet
stream disappears as a circumpolar
phenomenon, The shift of the heat
source is related in part to strong insola-
tion over the large subtropical land mas-
ses of the northern hemisphere. From
the scanty data available in the southern
hemisphere it appears that seasonal
changes there are not nearly so strong.
This is consistent with the lack of large
heated land masses in the subtropics and
farther south during the southern sum-
mer,.

In the northern hemisphere, the sim-
ple pattern of winter gives way to a more
complex circulation arrangement in sum-
mer. Over the oceans, the latitudinal
shift in heat source is small, as it is in
the southern hemisphere. There the
trade winds and remnants of the merid-
ional circulation cell of winter remain.
Westerly jet streams form intermittent-
ly. Data over the oceans is scanty, but
the network in the central Pacific is suf-
ficient to allow us to draw at least quali-
tative high-level wind analyses. Fig.
5.12 shows an isolated high-speed center
emanating from the equatorial-trough
zone and traveling on a clockwise path
through the eastern Pacific (Riehl 1954b,
p 250).'

Over North America and Asia the
highest temperatures in summer overlie
the southern parts of the continents, with
cooler air both to north and south. This
suggests a decrease of westerly winds
or an increase of easterly winds with



height in the tropical belt south of the
heated continents. The North American
continent, however, is narrow in the
subtropics and as a rule the high-level
circulation is weak, oscillating between
easterly and westerly directions,

Occasionally, an easterly jet
stream core does develop (Alaka 1958).
Except for the relatively weak core
speeds, the current of 1-2 August 1953
(fig. 5.13) had all the attributes of a
jet stream—strong lateral concentration
of wind with nearly zero absolute vortic-
ity on the anticyclonic side (in this case,
north), and much stronger cyclonic than
anticyclonic shear, The shear attained
maximum values in the vertical profile
through the core, and the layer above
300 mb accounted for nearly all of the
kinetic energy (fig. 5.14).

Easterly jet streams form only
infrequently over North America, and
they do not persist, Over the Asian-
African land mass, in contrast, condi-
tions are right to support an easterly
jet stream throughout the warm season,
A huge belt of heated air is situated
there in the subtropics, which extends
about one-third around the globe. More-
over, much of the land mass is elevated,
so that the source of heating is placed
at 700 mb or even higher. This greatly
contributes to the warming of the mid-
dle troposphere, With an extreme sea-
sonal change in the distribution of heat
and cold sources, the 150-knot wester-
ly jet of winter, centered near 25°N, is
replaced by an 80-100 knot easterly jet,
centered near 15°N (Sutcliffe and Bannon
1954, Koteswaram 1958). This current
overlies the low-tropospheric westerly
monsoon above 25, 000-30, 000 feet.
Steadiness of the direction of this cur-
rent is about as great as in winter, in
spite of the lower core speeds,
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Koteswaram (1958) has analyzed the
easterly jet stream for the summer of
1955; this is the first year for which
analyses based on wind observations
could be prepared over the entire sub-
tropical belt of Asia and Africa owing to
increases in the number of rawin sta-
tions, Fig. 5.15 depicts a cross section
through an individual current; fig. 5.16
contains 300, 200 and 100 mb charts for
this case. The core of the current was
situated even higher than in winter—near
150-100 mb. In correspondence, the
warmest air overlay the belt from 15° -
30 N up to 200 mb (fig. 5.17). An abrupt
change of the temperature field occured
near 100 mb, Temperatures were cold-
est at this level near and somewhat north
of the jet axis, which signifies the typi-
cal reversal of the temperature field
above the level of maximum wind, de-
scribed in Chapter III for westerly jet
streams. In accord with the reversal of
temperature gradient, the tropopause
sloped downward from north to south
across the jet axis (bottom of fig., 5.17).
North of about latitude 20°N, however,
temperatures increased northward, an
indication that the temperature field
there is part of the circumpolar warm
region of the stratosphere in middle and
polar latitudes. From thermal wind
considerations, then, the easterly sub-
tropical jet stream weakened with height
at 100 mb, while farther north the west-
erlies decreased or easterlies increased
upward toward the broad belt of strato-
spheric easterly winds of summer,

As yet a mass circulation corre-
sponding to fig. 5.6 has not been com-
uted for the easterly jet stream. For
the Indian region, at least, it is probable
that the pattern of fig, 5. 6 will hold in
reverse. From the direction of the low-
level monsoon it is known that the mass
flow is from south to north underneath




the jet stream. The heated Himalayan
plateau and the rainfall distribution
indicate ascent over northern India
and Pakistan. Descent is suggested
for the southern parts of the subcon-
tinent where a secondary mid-summer
minimum of rainfall prevails. Proba-
bly, the net drift is southward in the
high troposphere.

As in winter, we may suppose that
there is a tendency for the absolute

angular momentum to be conserved in
the southward drift of the tropical cell.
It is of interest that, when a constant
absolute angular momentum profile is
computed with respect to the Himalayan
plateau, a distribution of easterly wind
speeds is obtained that closely resem-
bles the observed one., As yet, how-
ever, the reason for the existenée of
the maximum with the particular speed
and at the particular latitude where it
occurs, remains unknown for the east-
erlies as for the westerlies.
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ISOTACH ANALYSIS + 200 mbs - February 25, 26, 27, 28, 1956

Fig. 5.2 lsotach analysis (knots) of subtropical jet stream at 200 mb, 25-28 February 1956 (top to bottom). Heavy line is
let axis, analyses dashed in areas without observations (Krishnamurti 19594q).

61



©

200 -
mb
300

200

Lel]
oo
800 -

F00
1000

Lt 20 30 40 50 60 T
Gy (mpel

Fig. 5.3 Verticol distribution of wind component

parallel to subtropical jet stream axis
(cg, mps) averaged around globe follow-
ing the oxis, December 1955
(Krishnamurti 1959a).

100 —= J
7 - e
&
300 50
an
imits) 30
20
500~
1
i
ToO 0 4
!
'
-2.5
B8R0 /!
i
rd
o -
1000 i1 : Ly 1 B
+10 + 3 Q -5 - 10 -15 -20 -25
<—— n (deg. lot. from J axis)
Fig. 5.4 Verticol cross section of wind component

porallel to subtropical jet stream axis
(cg, mps), in coordinate system fixed
with respect to the jet oxis ot 200 mb,
for December 1955 (Krishnomurti 1959a).

62




-20

knots
80

100

120

140

160

1 1 1
-10 -15 -20

is

10 i ©
Degrees latitude from Jet ox

Fig. 5.5 Lateral distributian of wind campanent parallel to subtrapical jet stream oxis (cg, mps)

an different isabaric
iet oxis, for De}cemb

surfaces, in coordinate system fixed with respect ta subtrapic

er 1955 (Ki’iébnomuhi 19_5.9{:)..

©

700

850

=15

+5 -15

<«——— n (degq. lat. from \J axis)

Fig. 5.6 Left: Vertical cross section af wind companent normal to subtropical jet axis (c,,mps),
in coordinate system fixed with respect ta subtropical jet streom oxis at 200 mb, for
December 1955 (Krishnamurti 1959a2). Negative sign denates equotarword flaw,
pasitive sign paleword flaw,

Right: Stream functian of the mass circulotion in verticol plane normal to jet oxis

(multiply by 1012

g/sec far mass tronspart between isalines).

63



{€ems -ok- Enovscnds’ dig b e 6&(&) 0

Fig. 5.7 300 mb chart 11 February 1958, 00GCT. Contours in 100's feefi base 20,000 feet.

Patrick AFB Feb. 11,1958, 00Z

o
o
T

g
o

ra
(=]
T

Helght (1000's feet)
ind
o

Do 250°
above K000

0 40 80 120 160 200
V (knots)

Fig. 5.8 Vertical prafile of wind speed ot Patrick Air Farce Bose, Flarida, 11 Februory
1958, OOGCT. Heavy dot is meon wind of LMW, dashed line thickness of LMW.

64




1000
+10

+5 0 -5 -10 -15
<———— N (deg. lat. fram \J axis)

-20

~28

1600
+I0

+5 0 =15 -10 -15 -20 -25

<«———— n (deg. lat. from J axis)

R s e



pg,4<, col, 1, para, 1, line 4
/ ""delete -~-- a’~-- at'end of line

/pg,/&{, col, 1, para. 1, line 7-8:

change spelling --- enrained --- to --- entrained ---

o ...

p 2, col, 1, para, 1, line 11;
/A insert ‘‘. . . central and eastern United States, no ‘confluence’

was coupled with . ..”” between --- the --- and --- increasing
--- so that corrected sentence reads ‘‘Streamlines did not con-
verge appreciably, if at all, over the central and eastern United
States; no ‘confluence’ was coupled with increasing rate of flow

which suggests strong geostrophic departures and a pronounced
source of kinetic energy over the east.’”’

. /pg.AfZ, col. 1, para, 2, line 16:

change spelling --- everwhere --- to --- everywhere ---



220 mb Feb.Il,1958 ,002

AHN
300
cHs | 200
| 9
0
N {100 8
(2]
"
- =4
iJ @8
COF | | ~
3
1100
&
063! =
<
1200 @
°
. Cm
o777+ %
300 &
[
3
1]
088+ 400 °
6TO -

B0 120 160 200
V (knots)
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Fig. 5.12 200

Lotitude *N

Latilude *N

mb cantaurs (hundreds feet) and isotachs (knats) (dashed) far the central trapical Pacific, 24 July 1951
(upper) and 25 July 1951 (lawer) (Riehl 1954b).
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Fig. 5.13 Lateral distributian af easterly wind speed ot 200 mb
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Fig. 5.14 Verticol profile (solid line) of eosterly wind component
through jet axis at 82° W on 1 August 1953, 03GCT.
Doshed line represents curve af cumulotive percentoge
of kinetic energy from 1000 to 100 mb; for instonce,
volue ot 300 mb is 7 percent which meons thot 7 percent
of the kinetic énergy of the whole calumn from the ground
ta 100 mb lies below 300 mb, 93 percent obove.
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Fig. 5.16 Streamlines ond isatachs (knats, negative sign denates east campanent) at 300, 200 and 100 mb,
25 July 1955, 03GCT (Kateswaram 1958). A denates anticyclanic circulatian, C cyclanic
circulation. Heavy dashed lines are easterly (Jg) and westerly (Jy) jet stream axes.
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Chapter VI

The Polar Night Jet Stream

In general, it is stated that the
tropopause is low and the stratosphere
warm over polar air masses, andthat the
tropopause is high and the stratosphere
cold over tropical air masses. This
relation provides for what has been
termed 'compensation': height gradients
of isobaric surfaces developed in asso-
ciation with the thermal field of the
middle and lower troposphere will
vanish above the altitude of the polar
tropopause. Chapter III has provided
good evidence of the validity of this de-
cription for middle latitudes. There the
jet stream core is associated with the
level where the meridional temperature
gradient reverses. As we discussed in
the preceding chapter, it is also true
that the meridional temperature
gradient reverses at the altitude of
westerly and easterly subtropical jet
stream centers.,

In the early years of upper-air
exploration, when soundings were con-
fined mainly to middle latitudes, it was
held that 'polar' and 'tropical' sound-
ings were imported from arctic and
tropical regions into the temperate
zone without major modification, hence
could be regarded as typical for the
source regions. We mentioned in
Chapter III, however, that the tropo-
pause located just equatorward of the
jet stream in middle latitudes is not
the tropopause generally observed in
the tropics, but an intermediate type
of dynamic origin. On the poleward
side, evidence disturbing for the old
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description began to be noted when sound-
ing balloons released at Abisko in north-
ern Sweden (lat. 68°N) in the 1920's un-
expectedly recorded very low winter
temperatures and very warm summer
temperatures in the layer 12-20 km.
These observations, analyzed by
Palmen (1934) reveal that the annual
temperature cycle in the Abisko strato-
sphere is much more pronounced than

at more southerly latitudes. In the mean
winter sounding the warm 'polar tropo-
pause' could not be found. The layer of
steep tropospheric lapse rates termin-
ated at 8-9 km, but above these eleva-
tions gradual cooling continued to the
top of the soundings where the mean
winter temperature was -66°C, These
observations subsequently led to a
radiation theory of the annual course of
temperature in the Arctic stratosphere.
In the middle of winter the polar zones
do not receive sunlight to great altitudes,
and the normal heat source in the ozone
layer does not exist. Hence gradual
cooling of the ozonosphere takes place
throughout the polar night period. The
reverse happens during summer, but
for our purposes we are only interested
in the winter soundings. If stratosphere
temperatures continue to drop poleward
through a very deep layer, the wind
should increase there with height in the
Arctic, and a level of maximum wind
should exist at very high altitudes.

For some time evidence on Arctic
stratosphere temperatures accumulated
only slowly, because the altitudes



involved were very high for the avail-
able sounding equipment. After expan-
sion of the Arctic network beginning in
the 1940's, however, and after the
South-Polar Byrd expeditions (Court
1945) the temperature field became

well established. It has been further
confirmedbythe extensive observation
programs of the International Geophysi-
cal Year in both polar zones (cf., Wexler
1959). Mean isotherms along 80°W for
January are presented in fig, 6, 1
(Kochanski 1955), where it must be
noted that the lowest temperatures near
the pole have been interpolated on the
basis of comparisonwith Antrectie Antarctic
soundings. Except for more complete
data, this cross section differs very
little from that originally published by
Palmén in 1934,

It is clear from fig. 6.1 that on
account of the high-level cold source
the $&¥M32] wind north of 60°N is wester-
ly to the top of the section, that there-
fore a polar night jet stream will exist
in the ozonosphere, with core speed
and altitude of the level of strongest
wind as yet unknown. At 25 mb in
January (fig. 6.2), a tremendous con-
centration of height gradient is evident
at this surface which is still below the
level of strongest wind on account of
the northward temperature drop.
Geostrophic calculation along 90° W
yields the zonal wind profile of fig. 6, 3
which brings out the concentrated high-
energy current of the Arctic strikingly.
Considering that winds still increase
upward through the 25-mb surface and
that the calculation has been made on a
seasonal mean chart, the result is
indeed formidable,

It is a2 remarkable phenomenon,
not yet explained, that gradual cooling
continues over both polar capsthrough-
out the winter, even though incursions
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of air from lower latitudes could readi-
ly eliminate the very cold stratosphere
and maintain much warmer winter tem-
peratures. Over the Arctic, at least,
such incursions do occur at least a

few times during the cold season (Hare
1959). they produce fluctuations in
intensity and position of the polar night
jet. Therefore, although both subtropi-
cal and Arctic jet streams are tied
directly to the heat and cold sources

of the atmosphere, the polar current
is much less steady. Often a deep
stratospheric cyclone is centeredover
northern Canada which will form,
migrate and disappear, although on a
time scale much longer than that of
most tropospheric systems, Daily
charts have been drawn at 50 mb and
25 mb for limited periods (Teweles
1958). These reveal that changes in
the stratosphere are largely, though
not wholly, unrelated to those of the
troposphere, and that events in two
winters may be quite dissimilar. Most
spectacular is the termination of the
principal polar-night jet stream period
which is coupled with sudden sharp
temperature rises in the Arctic strato-
sphere and virtual elimination of the
north-south temperature gradient
there (Godson and Lee 1958). This
event, which has been termed 'explo-
sive' warming, has occurred variably
between January and late March in

the few years when the warmingtrend
could be followed reliably.

Fig. 6. 4 illustrates angd individual
vertical cross section for 26 February
1956, extending from Alert (082) south-
westward to Whitehorse (964), prepared
by Godson and Lee (1957). The authors
give the following discussion: "It was
around this time that the jet stream
was most intense. The orientation of
this cross section is NE-SW, andthe
strong northwesterly winds in the




stratosphere are at right angles to the
plane of the cross section. The highest
reported wind on this cross section is
160 knots around the 80, 000-foot level
at Eureka (917). The strong horizontal
temperature gradient below the jet
stream is clearly evident; the tempera-
ture increases from -70 to -50°C in a
distance of nearly 800 miles. South of
Resolute (924) the stratosphere is near-
ly isothermal both in the vertical and
horizontal, Owing to the orientation
and irregularity there is some doubt

as tothe reality of the double maximum. "

It should also be noted that the
highest wind speeds were observed at
the top of the balloon runs; from the
thermal field it was assumed that the
core of the jet stream was located at
25 mb, Very cold temperatures as
plotted in fig. 6.1 were not encounter-
ed on 26 February 1956; in fact, there
was no reading lower than -70°C. The
important Alert sounding, however,
terminated just after passing the 100
mb level.

Cross sections such as fig. 6.4
have confirmed the existence of a cur-
rent with core near 25 mb or, higher,
and with lateral velocity g?;“;ﬁfﬁzte
typical of jet streams. On account of
the great altitude of the core, these
sections usually contain only a single
ascent with winds penetrating into the
core so that definitive analysis is dif-
ficult., For this reason Krishnamurti
(1959b) computed a cross sectionfrom
a large number of observations by
means of combining all stations of the
North American Arctic for a period
of several days, during which time
fluctuations of the current were not
excessive, All individual balloon ascents
were to be composited in the jet coor-
dinate system described in Chapter V
for the subtropical jet stream; all data
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located at similar distances from the
axis ofthecurrent weretobeaveraged.

For this purpose it was necessary
to carry out daily map analyses and
locate the jet stream axis. At 25 mb
data were insufficient, but at 50 mb
isotachs similar to those of fig.5.2
could be drawn. From the available
material a four-dayperiod, 31 December
1957 to 3 January 1958 will bepresent-
ed. All averaging for this period was
based on the jet stream axes as deter-
mined by the day-to-day analysis. The
mean latitude was 65°N. The current
was mainly westerly; it curved clock-
wise over Alaska and western Canada,
counterclockwise over eastern North
America. Thus the Arctic jet stream
executed a wave-like oscillation with
ridge near 150°W and trough near
60°W, or a half-wave length of 90°
longitude. If symmetryprevailed around
the globe, the Arctic jet would contain
two long waves; of course, there is at
present no knowledge whether or not
such an-extrapolation from North
American data is permissible. * Even
so, it is remarkable that troughs and
ridges of a longwave system, with pre-
ferred longitudes, occur at the altitude
of the Arctic jet. Normally, standing
wave positions are considered to be
related to longitudinal asymmetries of
the earth's surface itself. It remains
to be seen whether these can be held
toaccountalsoforthe high-stratospheric
flow which might be thought to be well
insulated from surface effects by the
deep isothermal stratum above the
tropopause, especially as the correl-
ation between troposphergic and strato-
spheric flow patterns appears to be

#*Wexler and Moreland (1958) believe
that the strong winds are relatively
local features associatedwiththelarge
stratospheric cyclones.



rather small. More cannot be saidon
this intriguing, yet unsolved, problem
at this time,

Averaging of the wind component
parallel to the jet axis (cg) for the four
days leads to a spectacular diagram
(fig. 6. 5) which fully confirms the
similarity between Arctic night and
other jet streams. The core velocity
was not very strong on this occasion;
winds up to 200 knots have beennoted
on other days. From fig. 6.5 the core
was situated at 26 km or about 85, 000
feet, pressure near 25 mb. Above the
core data were very sparse, but there
is a suggestion that strong shears,
comparable to those of the tropospheric
jet streams, need not occur. This im-
pressionhas beenstrengthenedby rocket
firings at Fort Churchill (Stroud 1959)
which indicate that the Arctic jet may
extend with undiminished force to very
great heights indeed.

The cross section of absolute vor-
ticity (fig. 6. 6) is distinguished mainly
by absence of a zone of very low vor-
ticity southward of the core, even
though the relative voriticity was mea-
sured along isentropic surfaces (cf.
Chapter XII). A sharp concentration of
vorticity gradient is in evidence at the
axis, with values one-third higherthan
the Coriolis parameter just north of
the axis. Thisis alsorather little and
should be expected to be exceeded in
other cases. An additional fact of inter-
est was brought out by the vorticity
analysis. Glancing at fig. 6.5, we see
that the shear on the cyclonic side of
the axis is stronger than on the anti-
cyclonic side as also found in earlier
chapters. At least this is true along
constant-level or constant-pressure
surfaces. When the velocity profile
was plotted along an isentropic surface
intersecting the core, however, a
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different and curious result was ob-
tained (fig. 6.7). Along the isentrope
shears were nearly uniform; a bilinear
velocity profile could be drawn readily
which has the same slope (without re-
gard to sign) on both sides of the axis.

The temperature field was treated ’

in the same manner as described in
Chapters II and IV. A mean temperature-
height sounding was calculated for the
data in the sample treated over the
four-day period; then deviations from
this mean sounding were taken, It
turns out (fig. 6. 8) that the temperature
field of the Arctic jet is iAdentical with
that of all the other currents analyzed
in this text. Below the level of maxi-
mum wind temperatures decrease

from right to left across the current,
looking downstream. This temperature
gradient vanishes at core altitude and
then begins to reverse. It should be
noted, however, that the reversal in
fig. 6.8 is based on very few observa-
tions. If the speed of the current re-
mains constant through the ozonosphere
in some situations, as suggested above,
a neutral lateral temperature field
would be expected, at least if winds
are geostrophic. A check was made
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